Knowing the vertical distribution of ambient particulate matter (PM) will help port authorities choose the optimal dust-suppression measures to reduce PM concentrations. In this study, we used an unmanned aerial vehicle (UAV) to assess the vertical distribution (0-120 m altitude) of PM in a dry bulk port along the Yangtze River, China. Total suspended particulates (TSP), PM10, and PM2.5 concentrations at different altitudes were measured at seven sites representing different cargo-handling sites and a background site. Variations in results across sites make it not suitable to characterize the vertical distribution of PM concentration at this port using simple representative distributions. Bulk cargo particle size, fog cannon use, and porous fence all affected the vertical distribution of TSP concentrations but had only minor impacts on PM10 and PM2.5 concentrations. Optimizing porous fence layout according to weather conditions and cargo demand at port have the most potential for mitigating PM pollution related to port operation. As ground-based stations cannot fully measure vertical PM distributions, our methods and results represent an advance in assessing the impact of port activities on air quality and can be used to determine optimal dust-suppression measures for dry bulk ports.
Introduction
Ports are a critical node in the global logistics supply chain, playing an increasingly important role in economic integration and handling more than 80% of global commodity trading [1, 2] . The strong demand for bulk commodities such as iron ore, grain, and coal has become the primary driver of global trade and demand for port services [3] ; 53.3% of the 10.7 billion t of seaborne cargo handled by global ports in 2018 was dry bulk [4] . However, dust and smoke emissions during loading, storage, and transportation of bulk materials can increase the atmospheric particulate matter (PM) concentration in ports and surrounding population areas [5] [6] [7] . The PM in the atmosphere is a complex mixture of organic and inorganic substances and was one of six principal air pollutants identified by the U.S. environmental protection agency (EPA) [8] . According to China's ambient air quality standard (CAAQS), PM can be categorized to the main fractions such as total suspended particulates (TSP, particles with aerodynamic diameters smaller than 100 µm), PM10 (particles with aerodynamic diameters smaller than 10 µm), and PM2.5 (particles with aerodynamic diameters smaller than 2.5 µm) [9] . Depending on the physical and chemical composition of particles, PM can reduce visibility, contribute to acid rain, and affect the diversity of ecosystems [10] . Besides, PM pollution exposure can directly cause a variety of health problems. Fine particles, with an aerodynamic diameter less than 10 microns, can get deep into the lungs, even get into the bloodstream, and cause severe acute or chronic disease [11] . Considering the potential effects on the health of nearby residents [12] [13] [14] [15] , the environmental impact of port activities has become one of the main challenges of port development [16] . This fact has compelled the need to monitor PM concentrations in and near dry bulk ports, to design mitigation measures aimed at the green and sustainable development of the port [17] [18] [19] .
Traditionally, quantifying PM concentrations and estimating impacts on ambient air has relied on data from ground-based measurement stations. For example, Perez et al. [20] used such data from Barcelona, Spain to determine that port activities contributed~50%-55% of local PM10 and PM2.5 levels. Jeong et al. [21] analyzed PM2.5 samples from a measurement station~12 m above the ground, showing that port activity was the dominant contributor to PM2.5 levels in Busan, South Korea. Mousavi et al. [22] analyzed samples collected by three stationary measurement stations to show that emissions from ship, locomotive, and heavy-duty vehicle operation accounted for 16% ± 3% of the overall ambient PM0.25 levels in the ports of Los Angeles and Long Beach, California. Previous studies showed that, to a certain extent, ground-based measurement stations could reveal the contributions of port activities to ambient PM levels. However, they cannot fully characterize the vertical change of this effect. Actually, the PM concentrations have proven to vary greatly with altitude [23] . Thence, it is more valuable to monitor PM concentrations at different altitudes than ground-based measurement stations when studying the generation, transport, accumulation, and diffusion of PM throughout the atmospheric column [24, 25] .
The ongoing development of unmanned aerial vehicles (UAVs) provides a new mobile sensor platform capable of studying the vertical distribution characteristics of atmospheric pollutants; the application of UAVs to environmental data collection has grown exponentially in the past few years [26] . UAVs are a class of aircraft that can fly without human pilots on board, and there are different classifications for the UAVs based on different parameters and no one uniform standard to classify them [27] . Compared to ground-based approaches or other aerial methods, UAVs are safer, cheaper, and more convenient to obtain accurate information on pollution distribution throughout the atmospheric column and easier to understand air quality in specific atmospheric layers [28] . Typically, in the context of air quality monitoring, fixed-wing and rotary UAVs are always selected, while Villa et al. [29] showed that rotary UAVs could more easily obtain ambient air quality data near pollution sources through their hovering ability. Besides, Villa et al. [30] showed that hexacopter UAVs provided a larger payload capacity and more flight stability than quadrotor UAVs, making them more suitable for air quality studies over complex terrains. Recently, rotary UAVs have been used to analyze the vertical distribution of PM concentrations in urban street canyons [31] , to collect high-spatial-resolution images above roads [32] , and to analyze gas and particle samples above a military ordnance open-burning area [33] . However, to the best of our knowledge, few research efforts have focused on the use of UAVs to measure PM concentrations and vertical distribution characteristics within the near-surface layer of ports, particularly in dry bulk ports.
One objective of this study is to measure the vertical PM concentration profiles using a sensor-equipped hexacopter UAV over a dry bulk port in the city of Zhenjiang, China. The other objective is to characterize dispersion and variation patterns within the near-surface layer and analyze factors affecting vertical fluctuations in PM concentration. The rest of the paper is structured as follows. Section 2 describes the measurement sites and methods, Section 3 analyzes the vertical distribution characteristics and relevant influencing factors of PM level within the near-surface layer, and Section 4 presents the main conclusions.
Materials and Methods

Measurement Sites
Zhenjiang is located in southern Jiangsu Province, China, on the south bank of the Yangtze River (Figure 1a ). The Port of Zhenjiang (ZJP) is one of 43 main hub ports in China and is a valuable trading location along the lower Yangtze River Delta, extends over 33.8 km of shoreline with seven main areas. Of these, Dagang port area (DGP, Figure 1b ) mainly undertakes service functions including the loading, trading, and warehousing of cargos including coal, minerals, building materials, and timber using two berths of 70,000 t and three berths of 50,000 t. The DGP's main trading partners include more than 280 ports in more than 70 countries and regions including the United States, Japan, South Korea, and Brazil. In Figure 1c , the DGP can be divided into four zones handling mainly (1) containers (Z1), (2) chrome and iron ore (Z2), (3) a ferry-place (Z3), and (4) coal (Z4). Based on cargo type and different dust suppression measures, we selected two sites in Z2 ( Figure 1d ) and five sites in Z4 ( Figure 1e ) to measure PM concentrations.
In Z2, Site 1 stored chrome ore (shipped from South Africa) generally with a particle size <1 mm (Figure 2a ), while Site 2 stored iron ore (shipped from Australia) generally with a particle size of 6-40 mm (Figure 2b ). In Z4, PM emissions from coal piles were managed using continuously spraying fog cannons ( Figure 2c ) and porous fence~16 m tall around the yard (Figure 2d ). If it can be proved that those measures can well suppress the dust emissions, the port authorities will extend these dust suppression measures to other port areas. We measured PM concentrations on January 22, 2019, a sunny day with ground temperatures of 6-9 • C and a northwest wind averaging 3 m/s. The measurement sites in Z4 were arranged from northwest to southeast in consideration of the wind (Figure 1e ). Site 3 was located closest to the Yangtze River, outside the porous fence. Site 4 was located inside the porous fence at the northernmost end of the yard, with Sites 5 and 6 progressively further south. Site 7 was still located inside the porous fence but offset to the south from the other sites. In addition, we used Yinshan Park (~3 km from Z4) as a background site ( Figure 1f ) for simultaneous PM measurements.
Ambient Particulate Matter (PM) Standards
Rapid industrialization and associated environmental problems in China have led to various severe respiratory and pulmonary diseases caused by PM10 and PM2.5 as well as severe haze caused by TSP [34] . Such issues led China to formulate its first Ambient Air Quality Standards (CAAQS) in 1982, later revised in 1996, 2000, and 2012; these standards use TSP, PM10, and PM2.5 as indicators for PM pollution (Table 1 ) and thus these were adopted in this study. To reduce air pollution caused by the fast urbanization and industrialization processes, the Ministry of Ecology and Environment of China has continuously amended the ambient air quality standards over the past three decades to tighten the concentration thresholds of PM. In Table 1 , it can intuitively perceive that PM standards of WHO are stricter than other countries' to protect health. As shown in Table 1 , it can clearly unearth that there are some significant differences in PM standards among China and other developed countries or regions. Above all, as some proportion of TSP consists of particles too large to directly affect human health, TSP is not a good indicator of health-related exposure, and TSP was not used in the PM standards in the US and EU. However, in China's latest PM standards, the TSP is still an essential indicator for evaluating air quality. Moreover, the PM10 standard (24-hr) of the EU, WHO, and California are the same as China's Grade-1, but they are more severe than those of China's Grade-2. Interestingly, the PM10 standard (annual) of California, WHO, EU, and China are all stricter than those in the US. Besides, the PM2.5 standards of China's Grade-1 are almost the same with the US's and more severe than that in the EU, while those of China's Grade-2 are relatively loose compared to the US, California, and WHO. In general, compared with developed countries, China has implemented almost the same PM standards for residential areas (Grade-1) and relatively loose PM standards for commercial and industrial areas (Grade-2). So, it is required for the government of China to strengthen efforts and implement stricter PM standards to improve environmental quality and reduce the morbidity of workers exposed to high concentrations of PM in commercial and industrial areas [9] .
Unmanned Aerial Vehicle (UAV) Based Measurement Platform
Recently, rotary UAVs equipped with different sensors have been widely used to quickly and comprehensively collect air quality data near pollution sources. Although the UAV propellers can cause a dispersion effect on the pollutant concentration, Alvarado [26] and Villa [30] have proven that adequately setting the mounting position of the sensors and the hovering times of the UAVs can reduce the error between the measured and the real-world data. Thus, it is feasible to measure PM concentrations by the UAV-based measurement platform in time and space.
In this study, based on previous research, we used a DJI M600 Pro hexacopter UAV measuring 727 mm in height (including the undercarriage), 1518 mm in width, with a total span of 1668 mm and total weight of 10 kg (Figure 3a ). Six lithium-polymer batteries with a capacity of 5700 mAh provided a flight time of about 30 min. The UAV's flight was controlled manually using a radio transmitter with an approximate velocity of 0.5 m/s at an altitude range of 0-120 m (flight height was subject to Chinese aviation regulations). We conducted vertical transects at each measurement site, with a hover time of 3 s at each measurement point and a vertical interval between adjacent measurement points of~5 m. Altogether, we conducted three up-and-down flights at each measurement site and a total of 24 flights. The integrated measurement components weighed about 700 g ( Figure 3b ) and were powered by the UAV battery. These comprised a GPS antenna (NEO-M8N GPS Module, ISO/TS 16949 certified, U-Blox AG), a wireless network modem with a data transmission antenna (Digi XBee-PRO 900HP, FCC certification, Digi International Inc.), and sensors for TSP, PM10, PM2.5, humidity, and temperature ( Figure 3c ). All data were paired with time and location from the GPS and sent to a ground-based data receiver through the wireless transmission module in real-time. The PM sensors using the principle of laser scattering were able to measure TSP, PM10, and PM2.5. Particularly, the sensor for TSP (Nova SDS198, FCC certification, Nova Fitness Co., Ltd.) can measure TSP concentrations between 0-20 mg/m 3 with an accuracy of ±15%. The sensor for PM10 and PM2.5 (Nova SDS011, FCC certification, Nova Fitness Co., Ltd.) can measure PM10 and PM2.5 concentrations between 0-999.9 µg/m3 with an accuracy of ±10%, and the sensor for humidity and temperature (Digital Humidity Sensor SHT85, CE certification, Sensirion AG) can measure relative humidity between 0%-100% with an accuracy of ±1.5%, and measure temperature between −40-105 • C with an accuracy of ±0.1 • C. Note that the sensors for TSP, PM10, PM2.5, humidity, and temperature were calibrated before leaving the factory. Additionally, the UAV-based measurement platform was calibrated via the data using the ground-based measurement at the environmental monitoring station of the ZJP before this study.
Results and Discussion
Distribution of PM Concentrations
For all eight sites, TSP concentrations ranged from 115-840 µg/m3, PM10 concentrations ranged from 35-135 µg/m3, and PM2.5 concentrations ranged from 35-125 µg/m3 (Figure 4 ). TSP concentrations measured at Sites 2 and 6 ( Figure 4a ) and PM2.5 concentrations measured at Sites 5, 6, 7, and 8 (Figure 4c ) all exceeded the average values specified in PM concentration standards (Table 1) , but PM10 levels were all below these standards. (Table 1 ).
There were significant differences between the distributions of PM concentration measured at different sites. For example, the maximum TSP concentration measured at Site 2 was more than twice that measured elsewhere, while the maximum PM10 and PM2.5 levels measured at Sites 1-4 were essentially equivalent to the minimums at Sites 5-8. We used the coefficient of variation (CV) to further quantify the distribution of PM concentrations at different sites [35] :
where V(X i ) is the CV of PM concentration data measured at site X, i represents the type of PM (TSP, PM10, or PM2.5), σ(X i ) is the standard deviation of PM concentration data measured at site X, and X i is the average value of PM concentration data measured at site X. The maximum CV for TSP (0.49 at Site 2) was the highest value for any of the three PM types at any measurement site, while the minimum CV for TSP (0.07, Site 2) was only 14.3% as large ( Table 2 ). The maximum CV for both PM10 and PM2.5 was measured at Site 6 (0.14 and 0.13, respectively), while the minimum CV for both (0.05, Site 4) was just 36% and 38%, respectively, of the maximum at Site 6. The CVs of PM10 and PM2.5 were consistently similar for each site but lower than for TSP. For example, at Site 2, the CVs of the PM10 and PM2.5 concentrations were only 22.45% of that for TSP. When assessing the TSP concentrations by altitude with reference to the background site (Site 8), those under 10 m altitude were similar, but above that level concentrations at Sites 1, 2, 5, and 6 all consistently exceeded the background site, with a considerable gap at Site 2 (Figure 5a ). This suggests that TSP concentrations above 10 m altitude should be of particular concern. PM10 and PM2.5 concentrations at Sites 1-4 were consistently lower than at the background site ( Figs. 5b, 5c ). Below 10 m altitude, PM10 and PM2.5 concentrations at Sites 5-7 were similar to the background site. From 10-120 m altitude, Sites 5 and 6 fluctuated above and below the background level while Site 7 remained consistently higher and increased noticeably at high altitude. It can be obtained that, within the near-surface layer, under the influence of various factors, the dispersion of PM concentrations in dry bulk port has a significant difference. On the contrary, at the background site, the dispersion of the PM concentrations is minor due to fewer interference factors form the outside. Apparently, in Z2, cargo types bring about the difference in PM concentration distribution above Site 1-2. Almeida et al. [36] also suggest that the granular nature of some cargos might affect PM emissions from ports. In Area 4, fog cannons and the installation of porous fence all have a significant influence on the dispersion of PM concentrations. Actually, the use of fog cannons changes the local temperature and humidity, accelerating deposition and inhibiting transport [37] , while porous fence reduces local wind velocity and turbulence intensity with similar results [38] . Besides, at the height of fewer than 10 m, there is no significant difference in the PM concentrations at all measurement points. However, at the height of more than 10 m, the PM concentration in the area where the dust suppression measures are taken is lower than that of other locations and even less than the value measured at the background site. Therefore, the UAV measurement can better judge the effect of the dust suppression measures on controlling the dust concentration in the port.
Vertical Distribution of PM Concentrations
The distribution of TSP concentrations by altitude at different measurement sites followed different patterns ( Figure 6 ). At Sites 1 and 7, TSP followed a unimodal pattern in which the minimum concentrations at ground level (100 ug/m3 and 140 ug/m3, respectively) increased to a single major peak at 40 m and 10 m (620 µg/m3 and 300 µg/m3, respectively), then declined to a new stable level with further altitude. At Sites 2, 5, and 6, TSP followed a bimodal pattern with two clear maxima. All started with low concentrations at ground level followed by first peaks appeared at 18 m, 25 m, and 32 m (480 µg/m3, 240 µg/m3, and 305 µg/m3, respectively) while the second peaks appeared at 85 m, 91 m, and 95 m (840 µg/m3, 240 µg/m3, and 320 µg/m3, respectively). The minimum concentrations were measured at ground level (100 µg/m3, 180 µg/m3, and 170 µg/m3, respectively). Site 4 also followed a bimodal pattern with peak values at 45 m and 75 m (155 µg/m3 and 145 µg/m3, respectively). However, unlike Sites 2, 5, and 6, here the concentration at ground level started very high (162 µg/m3) and rapidly declined by 10 m, after which the pattern was similar to Sites 5 and 6.
At Site 3, TSP fluctuated regularly within 135 ± 5 µg/m3 with no major maxima or minima. At Site 8, TSP was stable around 160 µg/m3 from 0-30 mm after which it continually fluctuated within an overall declining trend from 30-12 m. Overall, TSP concentrations exceeded the air quality standards (Table 1) The vertical distributions of PM10 and PM2.5 concentrations were very similar at all sites, with PM2.5 consistently accounting for~90% of PM10 (Figure 7) . However, their patterns were distinctly different from those for TSP. At Site 1, PM10 and PM2.5 initially decreased in a fluctuating pattern from ground level (61 µg/m3 and 58 µg/m3, respectively) to their minimums at 40 m (50 µg/m3 and 47 µg/m3, respectively), followed by a fluctuating increase to 120 m. and 20 m, respectively, followed by a decline to their minima at 65 m and 60 m, respectively, followed by a subsequent fluctuating increase toward 120 m. Site 5 had a similar peak around 50 m, but its higher-altitude values fluctuated around a steadier value instead of increasing and its minimum occurred at ground level.
PM2.5 and PM10 fluctuated stably with a narrow range at Sites 4 (68 ± 5 µg/m3 and 74 ± 5 µg/m3, respectively) and 8 (94 ± 5 µg/m3 and 103 ± 5 µg/m3, respectively). At Site 6, these fluctuated across a broader range (90-115 µg/m3 and 83-112 µg/m3, respectively) with the fluctuations increasing at higher altitudes. At Site 7, these fluctuated in a steadily increasing pattern within 87-110 µg/m3 and 95-122 µg/m3, respectively.
Previous results for vertical PM2.5 distribution in Hangzhou [24, 25] showed that concentrations decreased with altitude. However, in our results only Site 1 showed a decrease in PM2.5 and PM10 from 0-40 m and most vertical distribution patterns showed distinct peaks within a specific range. Due to the unique conditions, the concentrations of PM within the near-surface layer above the dry bulk port areas have unique vertical distribution characteristics. Although past studies have argued that the vertical distribution of PM concentrations can be characterized by an exponential model [31] , it would be very challenging to characterize our results within the near-surface layer (~0-120m above the ground level) using a unified mathematical model. Besides, the analysis results clearly show that using ground-based measurement stations (usually below 10 m altitudes) is insufficient to adequately determine ambient PM distributions at higher elevations, as near-ground results could produce unrepresentative high or low levels. Previous research has shown that high cost limits the number of continuous measurement instruments, which makes it impossible to fully reveal the spatial inhomogeneity of PM concentrations [39] . The CAAQS uses 24 hr and annual average values of PM concentration as evaluation standards. So, the results obtained by UAV measurements were not sufficient for air quality assessment. However, the uses of UAV measurement can fully evaluate the spatial variation characteristics of PM concentration. And through data measured by UAV, we could analyze the vertical distribution characteristics of the PM concentration in the dry bulk port and locate continuous measurement instruments at the inflection point of the distribution. On this basis, combined with spatial analysis and regression techniques [40] , we can adequately and reliably evaluate the environmental quality of the port.
Moreover, previous studies [15, 20, 24, 25, 37] have shown that the PM concentrations can be influenced by factors including air temperature, relative humidity, air pressure, height, wind, and harbor activities. It should be pointed out that this study cannot prove whether the vertical distribution of PM concentrations has the same pattern in different seasons and meteorological parameters. We will analyze it in the future to bridge the gaps based on the data from the UAV-based measurement platform and ground-based measurement stations.
Effect of Cargo Type on PM Concentrations
The cargo types at Site 1 (fine chrome ore, 0-1 mm) and Site 2 (coarse iron ore, 6-40 mm) had a clear effect on PM distribution (Figure 8 ). The vertical distribution of TSP was unimodal at Site 1 and bimodal mode at Site 2, with peaks at very different altitudes. At Site 1, PM10 and PM2.5 decreased from 0-22 m, whereas at Site 2 these started lower and increased. From 22-40 m, PM10 and PM2.5 were higher at Site 2 than Site 1, but from 40-120 m, PM10 and PM2.5 were again higher for Site 1 than Site 2 with PM2.5 accounting for~80% of PM10. It seems clear that different cargo types have a noticeable effect on the vertical distribution of TSP, and have a minor impact on the vertical distribution of PM10 and PM2.5. In Figure 7 , the distribution of particulate concentrations for PM10 and PM2.5 showed clear similar patterns. We used the Pearson correlation coefficient (PCC) to quantitatively analyze the correlations between PM distributions at different measurement sites and determine the strength of the relationship between different variables [35] :
where ρ(X i , X j ) is the PCC of the concentrations of different PM types (TSP, PM10, or PM2.5) measured at site X, i and j represent the two selected types, Cov(X i , X j ) is the covariance of the two types measured at site X, and σ(X i ) is the standard deviation the two types measured at site X. The PCC has a value between 0 and 1, where 1 indicates a positive linear correlation between two different PM concentration distributions and 0 indicates no direct relationship.
In Table 3 , the PM10 and PM2.5 concentration data showed a strong linear correlation with PCC values close to 1. However, the relationship between TSP and either PM10 or PM2.5 was very weak, with a maximum PCC of 0.44 at Site 6,~14 times the minimum measured at Site 7. Table 3 . PCC for TSP, PM10, and PM2.5 concentrations by site.
Site1
Site2 Site3 Direct comparisons between our results and other research are impossible as the vertical distributions of PM concentrations within the near-surface layer at dry bulk ports have not been previously reported. Besides, since the real-time analysis of the PM chemical components is challenging [41] , we cannot analyze the composition and the source of the PM at different sites by UAV-based measurement. However, previous research has shown that PM10 levels in ports mainly relates to traffic [42] , with land-based emissions contributing~80% of surface PM10 concentrations in these settings [43] . Table 3 shows PM10 and PM2.5 concentration data have a strong linear correlation, and Figure 7 shows PM2.5 accounted for~80%-90% of PM10 throughout the dry bulk port area of ZJP. It could conclude that PM10 in dry bulk ports is mainly composed of PM2.5 and the primary emission source is the docked ships, loading and unloading machinery and transport vehicles. Also, due to the different effects of cargo types on PM concentrations, port authorities should adopt specific measures to control the PM levels in the port effectively.
Effect of Fog Cannons on PM Concentrations
Although both Sites 5 and 6 stored coal, fog cannons were only in use at the former, allowing a direct comparison of this method's effects (Figure 9 ). TSP showed a bimodal pattern at both sites; Site 6 peaked at 32 m and 90 m (305 µg/m3 and 320 µg/m3, respectively) while Site 5 peaked at 25 m and 90 m (both 240 µg/m3). PM10 and PM2.5 had a similar vertical distribution at Sites 5 and 6. Both increased from 0-22 m, then fluctuated within a stable range from 22-120 m. Figure 9 suggests that fog cannons had a significant impact on peak concentrations of TSP as these were~25% lower at Site 5. At present, the port authorities generally accept that the use of fog cannons to increase air humidity can reduce PM concentrations in the atmosphere. And the view was supported by Olszowski et al. [44] , who found that a linear model can describe the reduction in the PM10 concentration relative to the type of precipitation and the water vapor content in the air. However, our study shows there was only a minor effect on the vertical distribution of PM10 and PM2.5. Interestingly, Štrbová et al. [45] also stated that the relationship between the vertical vary of PM concentration and meteorological parameters is not apparent, and they require more sophisticated analysis to achieve a more accurate interpretation. Previous studies showed that the relative humidity affected the adsorption ability of the PM [46] . The spray intensity also has significant impacts on the interaction between the PM and water droplets [47] . Both of the relative humidity and spray intensity can lead to changes in the PM concentrations, which might affect the measurement accuracy of PM concentration. However, it is difficult to quantify the contribution of relative humidity and the spray intensity on the vary of PM concentrations using the data from the UAV-based measurement platform. Thus, in the future, it is necessary to study the effects of spray intensity and relative humidity further and analyze the correlation with the vertical distribution of particulate matter concentration. And through detailed and sufficient quantitative analysis can the port authorities be provided with the most effective spray solution.
Effect of Porous Fence on PM Concentrations
Sites 3, 4, and 7 were closest to the porous fence, so we used their vertical profiles to assess the effects of this control method (Figure 10 ). At sites 3 and 4, with the porous fence on their upwind side, all three PM types fluctuated within a narrow range that changed little with altitude; the ranges of PM10 and PM2.5 were centered on 70 µg/m3 and 65 µg/m3, respectively. At Site 7, it is close to the porous fence on the south side and is~50 m away from the north side, and PM concentrations were far higher. TSP peaked at 10 m (300 µg/m3),~2.2 times the average TSP at Sites 3 and 4, before declining to a stable but mostly higher level. PM10 and PM2.5 were consistently higher than at Sites 3 and 4, increasingly slowly with altitude with ranges of 95-122 µg/m3 and 90-110 µg/m3, respectively.
These results suggest that the porous fence is an effective dust suppression measure for dry bulk ports. However, along the wind direction, as the distance between the measurement site and the porous fence increases, the effect of the porous fence on the vertical distribution of PM concentration will be significantly decreased. Generally, with the distance from the porous fence increased the capability to reduce wind velocity decreases, yet there is no unified conclusion regarding the actual shelter performances of porous fences.
Above all, the port wind conditions could significantly affect the dust suppression outcome of the porous fence [48] . And the effective shelter range of the fence can reach~6-7th consecutive stockpiles [38] . Besides, when installing the porous fence, we should consider the effect of multiple-fence arrays and porosity distribution on wind speed reduction [49] . In particular, the interval and the height of wind fences will directly impact the effectiveness of dust suppression [50] . Therefore, combining with meteorological characteristics and port demand, it is essential to study the influence of different porous fence layout program on the vertical distribution of PM concentration. And through this way, we can provide the port authorities with the optimal configuration and location of the porous fence to reduce PM levels effectively.
Conclusions
We used a hexacopter UAV to measure vertical profiles of PM concentrations at eight sites in or near a Chinese dry bulk port. TSP concentrations had a far wider range and maximum value than PM10 and PM2.5 concentrations. The maximum concentration for TSP was about seven times the minimum. TSP, PM10, and PM2.5 levels at 0-10 m altitude were mostly lower within the port area than at a nearby background site, while the reverse pattern was found from 10-120 m. PM10 and PM2.5 concentrations were strongly correlated with each other, but less so with TSP. Coarser cargo particles produced higher TSP but lower PM10 and PM2.5 at higher altitudes as compared to finer cargo particles; with overall stronger effects on TSP. The use of fog cannons reduced TSP concentrations above coal piles by 25%, with only minor influence on PM10 and PM2.5. In contrast, porous fence had a more significant effect on PM10 and PM2.5, though its useful scope is limited.
Under existing conditions, it is a challenge to analyze the elemental composition of PM using the data measured by UAV to determine the primary emission source. However, our results can be used to inform the proper location of ground-based measurement stations for improved monitoring.
Besides, we clearly show how cargo type and suppression measures affect vertical and horizontal PM distribution, providing useful context for improved design and operation of dry bulk ports.
